A 2-Dimensional mathematical reaction-transport model was developed to study the impact of the muddwelling frenulate tubeworm Siboglinum sp. on the biogeochemistry of a sediment (MUC15) at the Captain Arutyunov mud volcano (CAMV). By explicitly describing the worm in its surrounding sediment, we are able to make budgets of processes occurring in-or outside of the worm, and to quantify how different worm densities and biomasses affect the anaerobic oxidation of methane (AOM) and sulfide reoxidation (HSox).
Introduction
A significant amount (75-320 Tg yr −1 ) of methane, a potent greenhouse gas, is released from marine sediments overlying gas hydrates or experiencing high organic matter deposition (Valentine, 2002) . However, only a small fraction (5-20 Tg yr −1 ) of the methane that seeps into the ocean floor from the deep biosphere is eventually released to the atmosphere. This is because most of the methane moving upwards in sediments is oxidised by microbes that transform the methane into microbial biomass and carbon dioxide.
The anaerobic oxidation of methane (AOM), which uses sulfate as an electron acceptor, constitutes a major sink for methane (Reeburgh, 1996) . AOM couples the sulfate reduction to methane oxidation by the following net chemical reaction (Reeburgh, 1996) : 
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One of the byproducts of AOM is sulfide, a reduced compound that contains enough energy for other types of bacteria to grow on. Many thioautotrophic bacteria use oxygen as an electron acceptor but some bacteria, such as Beggiatoa can use intracellularly stored nitrate for sulfide oxidation (Jørgensen and Nelson, 2004; Cardoso et al., 2006) .
In sediments where sulfide and oxygen co-occur in a narrow region close to the sediment-water interface, free-living bacteria such as Beggiatoa which may form the typical white mats (de Beer et al., 2006) can perform the reoxidation of sulfide. Some free-living thiotrophic bacteria are adapted to bridge gaps between the supply of oxygen and sulfide for example by vertical migration or electron shuttling (Nielsen et al., 2010) . However, when sulfide and oxygen are physically separated over decimetres, another strategy is the symbiosis with an animal host such as Siboglinid tubeworms and clams (Sibuet and Olu, 1998) . These organisms provide the thioautotrophic bacteria access to oxygen and sulfide, necessary for the generation of energy and bacterial biomass, and in return a fraction of the carbon fixed by the symbiont is used for the host's metabolism and biosynthesis (Cavanaugh et al., 2006) .
Cold seeps and mud volcanoes are methane-and sulfiderich sediment ecosystems with normal temperatures and are found all around continental margins (Sibuet and Olu, 1998; Levin, 2005; Judd and Hovland, 2007) . In these systems the oxidation of methane provides one source of carbon and energy, with another energy source provided by the high sulfide concentrations that are used by sulfide-oxidising bacteria (Levin, 2005) .
The cold seep mud volcano Captain Arutyunov is situated in the Gulf of Cadiz, a tectonically active area of the European continental margin, at a depth of 1200 m . It has a characteristic cone shape that is approximately 1000 m across and 100 m high. Its environments form a mosaic of bare sediments that are covered with clay stones ("clasts") and sediments inhabited by chemosynthetic communities. This mud volcano has been studied intensively and porewater profiles are available from various habitats Hensen et al., 2007; Sommer et al., 2009) .
Amongst the enigmatic creatures that live in the methanerich sediments of the Captain Arutyunov mud volcano (CAMV) are the small mud-dwelling frenulate tubeworms, many of which belong to the genus Siboglinum (Hilario et al., 2010; Sommer et al., 2009) . These animals that lack a digestive tract, predominantly rely on endosymbiotic sulfideoxidising bacteria for their nourishment. Barely as thick as a human hair, they are present in very high densities at CAMV and extend some 10 cm deep in the sediment (Sommer et al., 2009) .
The biogeochemistry of cold seeps has been addressed in several observational (e.g., and modelling studies (e.g., Martens and Berner, 1977; Luff et al., 2004; Wallmann et al., 1997; Haese et al., 2003; Fischer et al., 2012) . However, most modelling studies focus on the AOM process (reviewed in Regnier et al., 2011) , and the fate of sulfide has received much less attention. In addition, the bio-ventilation activity of seep fauna on sediment biogeochemistry is usually represented by an approximate description that averages the worm with the surrounding sediment (Aller, 1980) without explicitly describing the animals (but see Cordes et al., 2005) .
In this manuscript we model the effects of the muddwelling frenulate Siboglinum sp. on the biogeochemistry of a sediment (referred to as MUC15 in Sommer et al., 2009) of the Captain Arutyunov mud volcano. The 2-D multicomponent reaction-transport model describes the processes affecting oxygen, methane, sulfate and sulfide in a tiny, wellmixed cylinder, which represents the worms body and tube. The worm is surrounded by an annulus of sediment, where transport is dominated by seepage from below and molecular diffusion. To account for the cylindrical shape of the worm, the reaction-diffusion-advection equations are represented in a cylindrical coordinate system. We first describe the sediment biogeochemistry, then make a tentative budget that distinguishes between the worm and its surrounding sediment, and finally explore impacts of different seepage rates and worm densities and lengths on the biogeochemistry of the CAMV. Our aim is to quantify the effects of animal activity on the biogeochemistry of cold seep sediments and its contribution to the biogeochemical processes of this environment.
Material and methods

Study site
The mud volcano Captain Arutyunov is situated in the Gulf of Cadiz (Fig. 1) . We model the sediment described as MUC15 (35 • 39.696 N, 07 • 20.013 W) , sampled on 12 May 2006, at 1322 m depth (Sommer et al., 2009) . Methodological details on sampling and analysis are available in Sommer et al. (2009) . Briefly, the sediment was sampled using benthic observatories and a TV guided multiple corer (MUC), while in situ flux measurements were conducted using the Biogeochemical Observatory (BIGO) and the Fluid Flux Observatory (FLUFO) as described in detail by Sommer et al. (2008) . After in situ measurements, the incubated sediments were retrieved for amongst other on board pore water analyses of methane, hydrogen sulfide, oxygen, sulfate and porosity.
Modelling
The main aim of our study was to investigate to what extent the activity of the small tubeworm Siboglinum sp., the dominant inhabitant of the system, is able to modify the biogeochemical conditions of the surrounding sediment. In sediments inhabited by these worms and similar organisms, one often finds profiles that exhibit a rather uniform concentration of sulfate overlying a zone of rapid change, the SMT zone. The uniform concentration in the upper zone is generally attributed to the bio-ventilating activity of animals living in these sediments. In modelling the AOM process, some authors dealt with this by imposing the upper boundary of the AOM zone at the bottom of this bio-irrigated zone (e.g. Haese et al., 2003) . Other authors use a nonlocal exchange formulation where the concentration difference between the overlying water and the average porewater concentration drives the exchanges (Regnier et al., 2011) . Whereas there are many cases in which such parameterised description of animal bio-irrigation activity are valid (reviewed in Grigg et al., 2005) , it is neither straightforward, using this formalism, to estimate the effects of animal density on biogeochemistry, nor does this allow to elucidate the direct contribution of the worm to the different biogeochemical processes.
Rather than using the sediment-averaged description, we therefore described the biogeochemical conditions inside the cylindrical body of the worm in an explicit way. This is achieved by implementing the biogeochemical model in a 2-Dimensional grid, using a cylindrical coordinate system. The sediment is then mentally divided in equally-sized cylinders, each with a "worm" in the centre, that are closely packed (Fig. 2a) . The model equations (see below) apply to one cylinder, in a two-coordinate (r, z) system (Fig. 2b ). For our application the sediment cylinder is of length L = 35 cm (in the z-direction), the depth of the sampled sediment core. We assumed a worm density equal to 17 500 individuals per m 2 , as observed in station MUC15 (Sommer et al., 2009) . This implies that a worm exerts its influence over a surface area of 1 × 10 4 / 17 500 = 0.58 cm 2 . Consequently, the radius of the cylinder, R, is equal to 0.43 cm ( Table 1) . The worm itself, 11 cm long (Lw), and 100 µm thick (2 · Rw), is positioned in the centre of the cylinder and near the sediment-water interface (Fig. 2) . The implicit assumption in modelling a 3-Dimensional environment in a 2-D cylindrical coordinate system is that the solute concentrations do not change along the cylindrical slices.
The biogeochemical processes are described using the same formulations in-and outside of the worm. The only feature that distinguishes the worm from its surrounding sediment is that fluids in the worm (and its tube) are mixed at a high rate while molecular diffusion prevails in the surrounding sediment (Table 1 ). In addition, because Siboglinum species are known to absorb organic compounds through their thin tubes (Little and Gupta, 1969; Southward et al., 1979) , we assumed that the permeability of the worm's body-wall and tube is the same as the surrounding sediments. Diffusion of water and solutes through the tube wall in both directions has indeed been demonstrated experimentally (Southward and Southward, 1963 
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Bottom water sulfide conc. Boudreau, 1997; Berner, 1980) describes their concentrations as a function of time (t), sediment depth (z) and radius (r)
In this equation, φ is the sediment porosity (assumed constant), u is the fluid flow velocity towards the sediment-water interface, D * is the mixing (diffusion) coefficient of the respective species in the worm (D w ) and in the sediment (D s ), and Reac is the sum of the production and consumption processes affecting each constituent. In the tubeworm's body, very high mixing rates (D w = 1 × 10 5 cm 2 d −1 ) are imposed, which to a large extent homogenise it (Table 1 ). In the sediment, the diffusion coefficient (D s ) is calculated from the molecular diffusion coefficient (D), corrected for tortuosity (Boudreau, 1997) using the formula:
. The molecular diffusion coefficient at the in situ temperature of 4 • C was calculated using functions from the package marelac , available from the open source software R (R Development Core Team, 2012) .
The biogeochemical reactions that are considered are the anaerobic oxidation of methane (AOM), the re-oxidation of hydrogen sulfide (HSox), the sulfate reduction linked to organic matter (OM) mineralisation (organoclastic sulfate reduction, OSR), and an oxygen consumption term other than sulfide oxidation (i.e. relating to OM mineralisation, Min) ( Table 2 ). The latter two processes are necessary to make amends for the absence of regular diagenetic reactions that are associated with OM mineralisation. As we do not explicitly model nitrate, manganese-or iron oxides, which would be consumed before sulfate, we assume that the OSR occurs in the zone below the worm. For all reactions we use the simplest model formulation possible, i.e. oxygen consumption and organoclastic sulfate reduction is represented first order with respect to the oxygen and sulfate concentration, respectively, while AOM and HSox are represented by bimolecular rate kinetics (Table 2 ).
The solution of the 2-D partial differential Eq. (2) requires specification of boundary conditions at the upper and lower boundary (z-direction), and at the upstream and downstream edges in the horizontal (r-direction):
For the boundary conditions in the radial (r) direction, zerogradient boundaries are assumed (Eq. 3). This imposes that the worm's effect on the sediment is restricted to its surrounding cylinder. The upper and lower boundaries (vertical, z-direction) are defined as a concentration (Dirichlet boundary, Eq. 4); their values can be found in Table 1 . The concentrations in the overlying bottom water (C 0 ) were taken from the experimental data; for the lower boundary concentrations (C L ), they were manually tuned. The model is implemented in the R package ReacTran , available in the open source software R (R Development Core Team, 2012) . This package provides functions to generate finite difference grids and discretises the partial differential equations (Eq. 2) together with their boundary conditions (Eqs. 3, 4) on these grids (Fig. 2c) . In the radial direction, we considered 50 slices of unequal thickness. The slices in the worm body and in the 0.005 cm outside of the worm body were 0.001 cm thick, i.e. there were 5 cylinder slices in the worm body, and 5 equally thin slices immediately outside of the worm body. The other 40 cylindrical slices were about ten times as thick. The vertical extent was subdivided into 200 equally-sized layers of 0.175 cm each. With 4 chemical species, the model thus comprises 40 000 nonlinear equations.
The equations are solved to steady state by NewtonRaphson iteration, as implemented in the R package rootSolve (Soetaert and Herman, 2009) . It takes about 30 seconds to find a solution on a personal computer (Intel(R) Core(TM) i7CPU M640 @ 2.80 Ghz, 8 GB of memory).
Results and discussion
A key feature of many seep organisms such as the frenulate worms is that they contain Hemoglobins that bind oxygen and sulfide from the environment for transport to the endosymbiotic bacteria (e.g. Arp et al., 1987; Terwilliger et al., 1987) . In a preliminary version of the model, we added oxygen and sulfide bound to Hemoglobin, but as many of the essential parameters are not well known or lacking, we decided to further simplify the representation of the worm in the model. It appeared that the capacity to store oxygen and sulfide is mainly of importance in transient situations, e.g. when the worm migrates between the oxic and anoxic zones. For the steady-state situations that we present here, the results with and without Hemoglobin are similar (not shown).
Biogeochemical profiles
The measured concentration-depth profiles and corresponding model fits are represented in (Fig. 3a-d) .
Three zones can be discerned in the MUC15 sediment. The upper 10 cm is well homogenised with concentrations very similar to the bottom water concentrations. The sulfate concentration is nearly constant in the upper 9 cm of the sediment (29 500-29 900 mmol m −3 ), while the sulfide concentration in the pore waters at these depths is below There is a sharp chemocline below this well-mixed upper part, the sulfate-methane transition zone, extending from 10 to 20 cm, where the AOM process takes place. The sulfide produced in this zone adds to the sulfide seeping from below and this causes a distinct maximum of around 5000-6000 mmol m −3 , almost 2000 mmol m −3 above the deep sulfide concentration (4000 mmol m −3 ). Finally, in the deep parts of the sediment (>20 cm) methane concentrations increase till about 9000 mmol m −3 at 35 cm depth, while sulfide concentrations decrease. Low concentrations of sulfate (<1000 mmol m −3 ) were measured here. Such a sulfate tailing appears to be common to seep environments; Dale et al. (2010) speculate that this is due to thermodynamic controls on the AOM community.
Model results
Before addressing the model results, we first discuss why we made certain choices and their implications.
The sensitivity of AOM to the model parameters is represented in Table 1 . The AOM process is most sensitive to physical sediment characteristics such as sediment porosity, molecular diffusion coefficients of methane and sulfate, and the rate of upwelling, to the boundary conditions (bottom water concentration of sulfate and deep concentration of methane), as well as on the organoclastic sulfate reduction rate.
Both the organoclastic sulfate reduction and the anaerobic oxidation of methane can consume sulfate in the SMT zone (Table 2 ) and especially the OSR rate significantly affects AOM (Table 1 ). In the OSR the reduction of sulfate is coupled to the oxidation of organic molecules, whereas in the AOM process it is coupled to the oxidation of methane. We obtained the best fits to all profiles when putting the rate of OSR equal to 0, thus minimising the total sulfate consumption rate (Table 1) . Even in this case the sulfate reduction rate seems to be slightly overestimated as the model predicts sulfate depletion to occur at a too shallow depth (Fig. 3c) . Consequently, methane is the only electron donor sustaining sulfate reduction in our model.
When AOM is the only sulfate consuming process, methane and sulfate are consumed in equal amounts (Eq. 1), and the fluxes of both constituents should balance (Malinverno and Pohlman, 2011) . If we now assume that diffusion is the sole transport process, i.e. there is no upward fluid flow and methane does not migrate in gaseous form, then the profiles of sulfate and methane should be mirror images of one another, with any small discrepancies relating to the slightly different diffusion rates of both constituents (Table 1). Clearly this is not the case (Fig. 3c, d ), as the methane profile below 20 cm is convex, and this is not mirrored by the sulfate profile. Two plausible explanations for such convex profiles are (1) there is production of methane in this zone (e.g., Methanogenesis, linked to OM degradation), and (2) the profiles are shaped by porewater flowing upward. It is very difficult to distinguish between both these causes based on the methane profile alone, so we let the fit to the sulfide profile decide between both options. The concave shape of sulfide at depths below 20 cm is easily reproduced by upwelling, whereas it would require an additional sink term in case upwelling was not included. Good fits were obtained with an upward fluid flow of 20 cm yr −1 (Table 1) .
It should be noted that the choice of upwelling may cause overestimation of the methane fluxes in the sediment as upward porewater flow significantly increases constituent fluxes (e.g. Regnier et al., 2011) .
Overall the model satisfactorily describes the radially averaged concentration profiles, although there is a tendency to slightly overestimate the oxygen and sulfide concentrations in the upper 10 cm (Fig. 3a, b) . Also, both the methane and sulfate concentrations are slightly lower in the model compared to the data. For instance, the model has all sulfate exhausted below 20 cm, whereas sulfate was still measurable there (Fig. 3c) .
The AOM process mainly takes place in the sediment zone extending from 10-20 cm deep. The model inferred rates of AOM peak around 15 cm deep, where they are around 80 nmol cm −3 d −1 (Fig. 3e) . In contrast, the sulfide oxidation mainly occurs in the worm body and is restricted to a depth where trace amounts of oxygen and sulfide are simultaneously present. When averaged horizontally, the intense sulfide oxidation, up to 500 nmol cm −3 d −1 occurs in a narrow zone in the upper 5 cm of the sediment (Fig. 3f ).
Note that this sharp peak and even its position may be an artefact of the modelling, since it is possible to smear the thioautotrophic metabolism over a larger length of the body if Hemoglobin is included in the model (not shown). Finally, the oxygen consumption not related to sulfide oxidation declines rapidly from more than 1500 nmol cm −3 d −1 near the surface to virtually 0 at 2 cm (Fig. 3g) .
Biogeochemical budgets
In Fig. 4 we present vertically and radially integrated budgets of the modeled constituents, where we make the distinction between processes occurring inside and outside of the worm.
Sulfide enters the sediment from the lower boundary at a rate of 128 nmol cm −2 d −1 , while about three times as much (374 nmol cm −2 d −1 ) is produced by the AOM process (Fig. 4a) . The majority of sulfide is consumed in the system, with about 71 % of the sulfide reoxidation taking place in the worm. Assuming a worm mass density of 1 g cm −3 then the sulfide uptake of 351 nmol cm −2 d −1 is equivalent to a massspecific rate of 232 µmol g −1 d −1 , which is about twice the measured sulfide uptake rates for Siboglinum fiordicum (92-93 µmol g −1 d −1 ) (Southward et al., 1986) , or for Lamellibrachia cf. luymesi (70-113 µmol g −1 d −1 ) (Freytag et al., 2001) , and well within the ranges reported for several animals (Grieshaber and Völkel, 1998) . The contribution of the worm's endosymbionts to total sulfide oxidation (71 %) is very high if we realise that, in the upper 11 cm, where the model worm is living, only about 1 % of the total volume is comprised by the body of the worm. Note however that the sulfide oxidation rates using oxygen in the sediment are probably overestimates, as sulfide oxidation using alternative electron acceptors (e.g. nitrate), or sulfide precipitation as FeS are not included in the model. A significant part of sulfide oxidation takes place in the sediment surrounding the worm (145 nmol cm −2 d −1 , 29 %) where it is mainly fuelled by sulfide and oxygen leaking from the worm. The leakage and the partitioning of sulfide reoxidation between the worm and the sediment is however not well constrained by the data; it is a consequence of the permeability that we ascribed to the frenulate's body and tube and that causes diffusion of these constituents from the organism towards the sediment. Note that Dando et al. (2008) put forward a different strategy for HSox oxidation by seep organisms, suggesting that in environments with low ambient sulfide levels seep organisms could mine for insoluble sulfides. They argue that O 2 from the organism is diffusing across the body wall and the tube into the sediment resulting in the oxidation of insoluble sulfides releasing thiosulfate and sulfide which in turn can be used by the organism. Whether these processes are important in CAMV sediments is not known.
The sulfide reoxidation produces sulfate, mainly in the worm's body (351 nmol cm −2 d −1 ), and this sulfate leaks out of the worm to the surrounding sediment (Fig. 4b) . Surprisingly, there is a large influx of sulfate from the overlying water towards the worm (916 nmol cm −2 d −1 ), which adds to the sulfate that is produced by sulfide oxidation (Fig. 4b) . In contrast, sulfate escapes to the water column from the sediment surrounding the worm body (1038 nmol cm −2 d −1 ). This apparent contradiction can be explained as follows. Both in the worm and in the surrounding sediment, there is a deficit of sulfate compared to the sulfate concentration in the overlying water. In the absence of upward advection of porewater, such deficit leads to an influx of sulfate across the sediment-water interface by mixing processes. In contrast, upward fluid flow will tend to expel sulfate out of the sediment. At the level of the sediment, the mixing by molecular diffusion is not efficient enough to counteract the loss by upwelling, while the vigorous mixing inside of the worm is able to do so. The net effect of these sedimentwater exchanges is that the sediment acts as a source of sulfate (Fig. 4b) . Most of the sulfide seeping into the sediment 128 nmol cm −2 d −1 (Fig. 4a) is released to the water as sulfate (122 nmol cm −2 d −1 , i.e. 95 %, Fig. 4b ), due to its efficient reoxidation with oxygen.
More than 98 % of methane entering the sediment is oxidised by the AOM process (374 nmol cm −2 d −1 , Fig. 4c ). It is noteworthy that very small amounts of methane are transported via the worm towards the water column (6 nmol cm −2 d −1 ). The fact that this methane is not reoxidised in the worm body could be an artefact as the rate coefficients governing AOM dynamics (k AOM , Table 1 ) are representative for bulk sediment rates. But even if all methane entering the organism would be oxidised, this would amount to a mere 1.5 % of the total AOM. Thus, although it has been suggested that certain Siboglinum species, including the species present at Captain Arutyunov may harbour methanotrophic symbionts (Schmaljohan, 1991; Dando et al., 1994; Sommer et al., 2009) , there is little scope for methanotrophic activity in the body of our modeled worm. This is also clear from the position of the methane-sulfate transition zone which is well below the reach of the worm's tube (Fig. 3c, d) .
About 78 % of the oxygen that is consumed in the system is taken up by the frenulate worm (1121 nmol cm −2 d −1 ), where it is used for sulfide oxidation (702 nmol cm −2 d −1 , 63 %, Fig. 4d ). The remaining fraction (37 %) of the worm's oxygen uptake leaks to the surrounding sediment where it is used for the oxic mineralisation (435 nmol cm −2 d −1 ) and sulfide oxidation (290 nmol cm −2 d −1 ).
Notwithstanding the small size of the worms, they are sites of intense biochemical activity and exchange with the overlying water and surrounding sediment (Fig. 4) . For instance, total animal-sediment exchange rates for sulfate (1267 nmol cm −2 d −1 ) are 10 times larger than the net sediment-water exchange rate (122 nmol cm −2 d −1 , Fig. 4b) ; sulfide uptake through the animal tube (357 nmol cm −2 d −1 ) is almost three times as large as the influx of sulfide with the seeping porewater (128 nmol cm −2 d −1 , Fig. 4a ). Oxygen is also vigorously exchanged between the worm and its surrounding sediment. The oxygen leaking from the worm contributes for 58 % to the oxygen consumed in the surrounding sediment (Fig. 4d) . Such large leaking of oxygen out of the animal tube is corroborated by the observations that sediments immediately outside the tube are often visibly oxidised (Dando et al., 2008) .
The large animal-sediment exchange rate is not surprising considering the fact that the total surface area of the worm (0.315 cm 2 ) is only slightly smaller than that of the sediment-water interface (0.35 cm 2 ). They are the reason that the presence of thin (100 µm diameter) well-ventilated and permeable bodies in the sediment at the observed densities of 17 500 individuals per m 2 is sufficient to nearly completely homogenise the upper 10 cm of the sediment. These model results are consistent with observations that oxygen diffuses from polychaete tubes about one centimeter laterally into the sediment (Jørgensen and Revsbech, 1985) .
Siboglinum
Before looking at the effect of animal density on sediment biogeochemistry it is instructive to calculate the porewater profiles and budgets in the absence of worms (Fig. 5a , Table 3a). The no-worm scenario is representative for mud volcano sediments that are covered by mats of sulfideoxidising bacteria (de Beer et al., 2006) . Without animal bioventilation, the upward fluid flow puts the SMT zone close to the sediment surface, in the vicinity of the oxygen-rich bottom water (Fig. 5a ). The zone of AOM is thus near to the sediment-water interface but nonetheless the sediment shows only a small efflux of methane (18 nmol cm −2 d −1 , only 5 % of the influx), while sulfide does not leave the sediment (Table 3a). There is still complete recycling of sulfate, and about 30 % of the sulfate produced by the sulfide oxidation now leaves the sediment.
In Fig. 5b , we represent the radially-averaged profiles of the various constituents when the worm is present at very low densities (1000 ind m −2 ). The integrated budget for this scenario is in Table 3b . Similarly as for the reference simulation (Fig. 3) , we assumed the worm to be 11 cm long in the low worm density scenario. As is visible from the radially averaged profiles of sulfate and sulfide (Fig. 5b) and the 2-D images (Fig. 5c, d ), in this case the worms are not able to fully push the methane-sulfate transition zone to the back end of their body. Rather, their posterior parts are surrounded by relatively large concentrations of sulfide due to seepage of sulfide-rich porewater (Fig. 5d) . The sulfide enters the frenulate's body and due to the high mixing rates, a rather large efflux of sulfide to the water column ensues (128 nmol cm −2 d −1 , Table 3b ). It also follows that at these low densities and for worms of 11 cm in length, the sulfide concentration in the worm's body is elevated, so there may be no need for the worms to grow that long. Thus, the large sulfide effluxes, as in Table 3b , are probably not very realistic. The effect of frenulate density and length on the sulfide oxidation process is represented in (Fig. 6a, b) . We ran the model with densities of 1000, 17 500, and 1 × 10 5 individuals per m 2 , which amounts to a sediment radius (R) of 1.8, 0.43 and 0.18 cm, respectively. Steady-state conditions were calculated for worms of lengths in between 0.25 and 15 cm, at 0.25 cm intervals. Figure 6a plots the sulfide oxidation per unit biomass as a function of the worm length for these three abundances, while Fig. 6b does the same for the relative contribution of the worm in the sulfide oxidation process. The shapes of the biomass-specific sulfide oxidation rates as a function of length are similar for tubeworms living at different densities. At very low frenulate densities or for very short organisms (<1 cm), the sulfide oxidation rates per unit biomass are very close to zero, as the worms are not able to push the AOM zone deep enough for the sulfide to escape oxidation by surface-dwelling bacteria. As the worm length increases, it takes a larger share in sulfide oxidation (Fig. 6b) and so its biomass-specific sulfide oxidation rate increases (Fig. 6a) . A maximum yield is reached at lengths of about 2.5, 3.25 and 8 cm at densities of 1000, 17 500 and 1 × 10 5 individuals m −2 , respectively. However, even at their optimal length some 71, 33 and 52 % of the thioautotrophic activity is performed by free-living bacteria in the low, medium and high density scenario, respectively (Fig. 6b) . As the worm grows further in length, e.g. in an attempt to keep up with or outcompete its neighbours in reaching the sulfide-rich layer, the same total HSox rate has to sustain a larger biomass and the yield decreases (Fig. 6a) .
Not surprisingly, the amount of HS − oxidised per worm is highest for the communities at the lowest densities (Fig. 6a) . Maximal rates were 0.04, 0.64 and 3.2 mmol gWW −1 d −1 at the highest, intermediate and lowest densities. The higher rates with lower densities is simply because worms living ** * * * * * * * * * * ** * * * * * * * * * * * * * * * * * ** ** ** ** ** ** ** ** ** *** *** *** * C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x * + x ind/m2 1000 17500 100000 at lower densities have the potential to drain the sulfide produced by AOM from a much larger surface area. However, the more distantly the animals are spaced, the less influence they exert on the surrounding sediment. In the sediments in between organisms, the AOM will be pushed closer to the sediment water interface at lower densities (e.g., Fig. 5b ) and this will cause more of the sulfide to be oxidised by free-living bacteria. This is clear when comparing the relative share between the communities at lowest and intermediate densities. If the relative share of the worm in the sulfide oxidation would remain the same, then animals living at densities equal to 1000 ind m −2 should reoxidise 22 times more sulfide than animals living at densities equal to 17 500 ind m −2 , as this is the relative proportion of the surface areas from which the animal can harvest the sulfide. In reality, the difference is only 5 times: in the low density case more sulfide is oxidised by free-living bacteria as the worms are too distantly spaced.
At too high densities, not only have the worms access to lower amounts of sulfide, but also their share in oxidising sulfide is reduced (Fig. 6b) . This can be explained as follows. The oxygen leaking out of the worm's body form a halo around the worm's tubes. If too closely packed, then the organisms halos will merge and push oxygen downward, bringing sulfide and oxygen closer together. This creates an environment more suitable for thiotrophic bacteria living in the sediment. Consequently, at higher densities, longer worms are necessary to prevent free-living bacteria to harvest the energy from the sulfide.
Finally, in Fig. 6c is depicted the biomass-specific sulfide oxidation rate as a function of upwelling intensity. With increasing upwelling, AOM increases, and hence also the sulfide oxidation rate per unit of biomass.
Conclusions
The activity of the small tubeworm Siboglinum sp., a dominant faunal inhabitant of the seep sediments at the Captain Arutyunov mud volcano, strongly modifies the biogeochemical conditions of the sediment it inhabits. It wins the competition with sediment-inhabiting bacteria for the thioautotrophic energy by bio-ventilating the upper layer of the sediment, thus separating the zones where sulfide and oxygen occur. For a specific frenulate density and upwelling rate there is an optimal length of the worm at which it can harvest most of the thiotrophic energy. This optimal length increases with increasing density. Worms that are too short will not push the sulfide production zone deep enough such that a much larger share of sulfide oxidation will be performed by free-living bacteria. This suggests that once established, mats of thioautotrophic bacteria are a stable state at cold seeps, and the invasion of such a bacterial mat area by frenulates through recruitment of larvae may be more difficult than through migration of larger specimens.
Our findings are relevant for all seep habitats which comprise similar tubeworms occurring at high densities. Siboglinids, as studied here, are prominent members of many cold seep ecosystems such as in the Skagerrak (e.g., Dando et al., 1994) or the Hakon Mosby mud volcano (e.g., de Beer et al., 2006) . We have shown that these organisms act as "geo-engineers" by depressing the sulfate-methane transition zone. This may potentially allow other eukaryotic heterotrophic infauna that are less tolerant to high pore water sulfide levels to colonise these sediments. Therefore, the Siboglinids may represent a key species that affects successional patterns at cold seep communities.
There are several interesting paths in which this model can be further applied. It has been observed that frenulates move slowly up-and downwards. The effects of these movements, or under which conditions this may be necessary, could be investigated using transient model simulations. This requires that Hemoglobins are included in the model. Another interesting venue is to invest how the animals affect the pH dynamics (e.g. by excreting sulfate trough their tube), and how this alters the sulfur chemistry of the surrounding sediments (Dando et al., 2008) . The model might also be applied to benthic macrofauna species that stimulate the efflux of N 2 O or CH 4 from aquatic sediments due to bacterial activities directly associated with their body (Stief et al., 2009 ).
